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CATECHOLAMINES covalently linked to glass beads exert effects on various heart muscle preparations. 1 " 1 These include positive inotropic and chronotropic effects, and glycogen phosphorylase activation. 4 Only a small number of catecholamine glass beads may suffice to induce a contractile effect comparable to the response to micromolar concentrations of soluble catecholamine. 2 It was noted, however, that in contrast to the free drug, cyclic adenosine 3',5'-monophosphate (cyclic AMP) might not be involved as a mediator of bead action. The inotropic effects of beads were not associated with a detectable elevation in cyclic AMP concentrations measured in a major fraction of the papillary muscle. 3 -4 Furthermore, evidence has been presented that catecholamine release from the beads is negligible if the beads are properly ' prepared and used. 3 ' 4 Therefore, leakage does not account for the observed effects of the beads. These results pose important questions as to the mechanism of action of immobilized catecholamines, such as: (1) how is intense local activation of adrenergic receptors translated into an increase in contractility of a large fraction of the muscle fibers? and (2) if cyclic AMP is not the messenger of the propagated response, what is the mediator? Change of ionic permeabilities of the sarcolemma is an VOL. 41, No. 5, NOVEMBER 1977 essential factor in the modulation of contraction by catecholamines. Several investigators have demonstrated that externally applied derivatives of cyclic AMP produce similar effects on action potentials, ion fluxes, and tension, as does /3-adrenergic stimulation. 5 " 7 This supports the view that adenylate cyclase coupled to the /3-adrenergic receptor mediates /3-adrenergic stimulation through the formation of cyclic AMP. Furthermore, cyclic AMP may be a major factor in the membrane permeability changes accompanying /3 stimulation. 1 *" 10 This is in contrast to the reports that immobilized catecholamine induced a major increase in contractile state without altering tissue cyclic AMP concentration. 3 ' 4 One result of /3-adrenergic stimulation is an increase of the slow inward current which is carried mainly by Ca ions during the plateau phase of the cardiac action potential. It appears to be closely related to the initiation of contraction . 6 -' ' 14 Indirect indices of the slow Ca 2+ current include the height of the plateau of the normal action potential and the 1 magnitude of "slow" or "Ca 2+ -dependent" action potentials in preparations in which other components, especially the rapid inward Na + current, have been depressed. 15 " 19 The purpose of this paper was to investigate the effects of isoproterenol linked to glass beads on action potentials and contraction of isolated papillary muscles with special attention to the transmembrane Ca 2+ current as reflected in the plateau and in "slow" responses of fibers depressed with high K + concentrations or tetrodotoxin.
Methods
Thin (< 0.8 mm in diameter) papillary muscles were excised from right ventricles of male Hartley guinea pig hearts and mounted horizontally in a temperature-controlled tissue bath (30°C) of 8-ml volume. Krebs-Henseleit solution (NaCl, 119 mM; KC1, 2.7 ITIM; CaCl 2 , 2.5 ITIM; NaHCO :! , 25.0 mM; MgSO 4 , 1.18 mM; KH 2 PO 4 , 1.18 mM; glucose, 5.5 mM), saturated with 95% 0 2 -5% CO 2 , was pumped through the bath from a 250-ml reservoir at a flow rate of 20-25 ml/min. The direction of flow was from the tip to the base of the muscle. The preparations were stimulated through field electrodes running parallel to the muscle or through point electrodes located in a clip holding the muscle base. Stimuli were of 3 msec duration at 0.2 Hz, usually 10% above threshold. The muscles were arranged to contract isometrically at the peak of the length-tension curve, and contractions were recorded through a Statham strain gauge (Gold Cell UC-3) on an oscilloscope or Grass polygraph.
Fibers in various locations along the preparation were impaled with conventional glass microelectrodes filled with 2.7 M KC1 (tip resistance, 10-20 Mfl) coupled to a differential amplifier (Grass PI 8). Action potentials together with the contraction response were displayed on an oscilloscope and photographed. Enlargements of the photographs were evaluated with a Hewlett-Packard digitizer. Testing membrane potential (RMP), action potential amplitude (AP), action potential duration at 0 mV transmembrane voltage (APD 0 ) and at 90% repolarization (APD 90 ) were measured from high speed recordings.
Maximum rate of rise of the upstroke of the action potential (V max ) was reversed during electronic differentiation.
(/-(-)-lsoproterenol glass beads were prepared and made available to us by Dr. J. C. Venter. They were from the batch labeled "N-693." 4 They were 150-200 ixm in diameter and contained an average of 7 pmoles of /-isoproterenol per bead. The term "beads" does not precisely describe their shape. 4 Most of them were multifaceted chips, but the more spherical ones tended to roll out of the pipette used in the application to the muscle. The beads were protected from light and stored in 0.1 N HCI at 4°C until used. Before application they were washed intensively with 0.1 HCI followed by 0.9% NaCl. They were applied by means of a Pasteur pipette either to the tip or to the base of the muscle preparation (usually 10-15 beads within approximately 1 mm of muscle length) or the whole upper muscle surface was covered with beads (50-75).
Because of the expense of tetrodotoxin when it was used the total volume of the Krebs-Henseleit solution was reduced to 10 ml and was not circulated.
Drugs were added from freshly prepared concentration stock solutions to the superfusion fluid. Final concentrations of DL (±) isoproterenol were 10" 8 or 10~7 M; D-600 [a:-isopropyl-a(A'-methyl-/v'-homoveratryl)-y-aminopropyl-3,4,5-trimethoxyacetonitrile HCI] (courtesy of Dr. A. Fleckenstein) was 10~6 M; tetrodotoxin was 10 ju.g/ml.
After equilibration for 60 minutes, control recordings of contractions began, and action potentials were recorded at different sites of the preparation. Both single and paired stimuli 4 were used. In one series of experiments, the perfusion fluid was switched to a solution containing 22 mM K + (with an equimolar reduction of NaCl) in order to depress the rapid inward Na current. In another series, tetrodotoxin (10 /u.g/ml) was used to achieve the same goal. After equilibration for 30 minutes, control recordings were taken, and the preparations then were exposed to soluble drug or isoproterenol glass beads.
Results

EFFECTS OF ISOPROTERENOL AND ISOPROTERENOL GLASS BEADS AT [K + ] o = 3.8 mM
The application of a small number of beads to one site on the preparation (base or tip) increased significantly the inotropic state as recorded from the whole muscle ( Table 1 ). The force of contraction was doubled by 10-1 5 beads, the rate of force development (dT/dt) increased 3-fold and relaxation more than 2-fold. Covering the muscle with beads (50-75) increased tension more than 3-fold; dT/dt was increased almost 5-fold, and the relaxation rate, 4-fold. Soluble isoproterenol (10~8 M) had an effect on isometric tension comparable to that of a maximal number of beads. Paired electrical stimulation under these conditions (30°C, 0.2 Hz) was less effective than a maximal amount of beads or 10~8 M isoproterenol (Table  1) .
Although there were marked and significant increases in tension with both isoproterenol and beads, the effects on action potential characteristics were not as striking. Free isoproterenol consistently led to an elevation of the overshoot and the plateau ( Fig. 1) ; sometimes it was accompanied by an increase in repolarization velocity that caused the action potential to shorten. The effect was essentially the same with isoproterenol beads, i.e., the overshoot and plateau were elevated and the plateau slightly lengthened, and action potential duration was inconsistently changed. When 15 beads were applied close to the recording electrode, action potential duration was shortened in two, prolonged in four, and unchanged in two of eight experiments (Fig. 2 ). When 15 beads were applied to one end of the preparation and action potentials were recorded at the other end (usually 3-5 mm distant), a marked effect was noticeable: plateau duration was prolonged in five of our six experiments.
TABLE 1 Effect of Isoproterenol Glass Beads on Isometric Tension (T), Rate of Tension Development (dT/dt), and Relaxation (-dTldt) of Isolated Guinea Pig Papillary Muscle
Resting membrane potential, action potential amplitude and V maK remained unchanged both with soluble isoproterenol and with glass beads. (Table 2) . mV -100 L
EFFECTS OF ISOPROTERENOL AND ISOPROTERENOL GLASS BEADS AT 22 mM K o +
In cardiac muscle depressed by high K o + catecholamines can restitute excitability and produce slowly conducted action potentials as well as contractions. 15 ' l6 The magnitude of these effects is dependent upon the external Ca 2+ concentration. 15 " 17 It is now generally accepted that these effects are concomitant with changes in the slow inward current which is primarily carried by Ca ions (for references see Reuter").
In one experiment in which the K + concentration of the Krebs solution was successively increased, we found that 10~8 M isoproterenol had a restoring effect up to 35.8 mM K + (RMP -4 0 mV). It became ineffective at 45.8 mM K + (RMP -3 8 mV). At 55.8 mM K + (RMP -3 0 mV), even 10" 6 M isoproterenol was unable to restore excitability.
In the experiments in which 22 mM K + was used (Table  3) , the resting membrane potential was lowered from -8 7 . 7 ± 1 mV at 3.8 mM K o + to -4 8 . 8 ± 1 mV at 22 500 msec 167.1 ± 20.8 RMP = resting membrane potential; AP = action potential amplitude; APD 0 = action potential duration at 0 mV transmembrane voltage; APD M = action potential duration at 90% repolarization. mM K,, + . Contractions ceased within a few minutes after switching to the high K + solution. With both field and point stimulation, we found it possible to reinduce weak contractions and at the same time record deflections of the membrane potential, but the threshold (i.e., the stimulus strength necessary) for mechanical and electrical events had increased approximately 5-fold ( Fig. 3 , upper panel). The amplitude of these weak contractions was directly related to the stimulus strength. The electrical responses varied also with stimulus strength. In agreement with Thyrum," we found graded responses with both field and point stimulation.
Isoproterenol glass beads, as well as isoproterenol in solution (10~8 M), decreased the stimulation threshold of the K + -blocked preparations and induced action potentials and contractions which were significantly greater than with maximal electrical stimulation alone (Figs. 4 and 5). The action potentials evoked in high K + had a smaller amplitude, shorter duration, and extremely slow rate of rise (V max ), compared with muscles superfused with solutions containing [K + ] o = 3.8 mM (Table 3) , as can be expected for Ca 2+ -dependent responses. 15 " 19 Fifteen isoproterenol beads placed on one location (1-1.5 mm of muscle length) were sufficient to double tension to 0.52 ± 0.09 g. Covering the muscle with beads (50-75) had no significantly greater effect (0.59 g) ( Table  1 ). The effect of 10~8 M soluble isoproterenol was comparable to that of 15 beads (0.40 ± 0.16 g), while 10" 7 M isoproterenol increased isometric tension at least 4-fold (1.23 ± 0.31 g) in three additional experiments.
Although 10-15 beads were necessary to restore contractions, it was evident that as few as 3-5 beads had a significant effect on the electrical activity of single fibers. A prolongation of the plateau of the graded responses, ranging between 10 and 70 msec, was found in all of six experiments. This effect was apparent only if the beads were placed in close proximity to the recording electrode. When 1 5 beads were placed on one site of the preparation, typical "slow responses" could be obtained throughout the muscle. Although the magnitude of the responses was still somewhat dependent on the stimulus strength, even maximally effective stimuli were well below the previous threshold without beads (Fig. 5) .
In order to differentiate further between local and propagated effects of the beads, we designed experiments in which we applied two types of stimulation: point stimulation was used to apply the stimulus to a small area of the papillary muscle, whereas field stimulation was used to deliver the stimulus to all parts of the preparation simultaneously. In a field-stimulated muscle, action potentials arose at the site of bead application and propagated along the preparation, although decrementally (data not shown). In point-stimulated muscles, isoproterenol beads increased the excitability of the preparation (i.e., decreased threshold stimulus strength), if they were placed close to the stimulating electrode. In this case, typical slow action potentials could be recorded also from fibers at a distance from the stimulating electrode, indicating propagation of excitation ( Fig. 3, lower panel) . If the beads were not in the vicinity of the stimulation site, action potentials at the site of bead application could be recorded only concomitantly with the largest graded responses at the stimulation site; i.e., only the largest decrementally conducted depolarizations initiated at the stimulation site were sufficient to excite the cells in proximity to the beads. In order to test the hypothesis that the depolarizations induced by isoproterenol glass beads were true Ca-dependent action potentials, we used D-600 (10~6 M) to block the slow Ca 2+ channel in three experiments. It was effective in blocking the action potentials induced by isoproterenol glass beads (Fig. 6 ).
EFFECT OF ISOPROTERENOL AND ISOPROTERENOL GLASS BEADS IN THE PRESENCE OF TETRODOTOXIN
Tetrodotoxin in the concentration of 10 //.g/ m ' w a s used to eliminate the excitatory Na + current without changing resting membrane potential. Peak isometric force dropped almost instantaneously by approximately 30%. Complete block resulted after 2-3 minutes, but it was still possible to excite the preparation with a stimulus strength of about twice control. The resulting action potentials had an upstroke velocity reduced by about 75% and a plateau markedly shorter than that of the control (Table 4) . At the same time, contractions under these conditions were reduced.
Free isoproterenol (10~8 M) increased action potential duration and induced contractions significantly higher than control (Fig. 7) .
When 15 isoproterenoi beads were placed on the preparation, contractions of significantly higher amplitude resulted. The changes in the shape of the action potential were not so clear, but we found that the plateau and the total action potential duration were markedly increased in four of six experiments (Fig. 7) . V max was increased slightly. (5, 50 V; 6, 70 V; 7, 80 V) . Note the increase in action potential amplitude and duration as well as the restoration of contractions. mV -100 500 msec FIGURE 5 Current spread in response to 10 isoproterenol glass beads in a potassium-blocked papillary muscle. The beads were placed on the base of the preparation close to the stimulating electrode while action potentials were recorded at the tip of the muscle. Superimposed recordings show action potentials (AP) and contractions (T) before (C), and at 0.5, 2, 3, and 5 minutes after application of beads. Note the delay between stimulus artifact and upstroke of the action potential. Note also that, even without propagated action potentials, weak contractions can be recorded (C, 0.5 min). VOL. 41, No. 5, NOVEMBER 1977 0 r mV -100 L 500 msec 
Discussion
The experiments presented here confirm 1 " 1 that a small amount of isoproterenol covalently linked to glass beads (10-15) produces substantial inotropic effects in isolated heart muscle. Under our experimental conditions, using guinea pig papillary muscles (30°C, 0.2 Hz stimulation frequency), this intervention was less effective than either 10~8 M soluble isoproterenol or paired electrical stimulation, but the direction of changes in terms of peak isometric tension, rate of tension development, and relaxation was identical. The relatively lower potency of our beads, compared with those of Venter et al., 3 is due to deterioration in the potency of the same batch of beads over a period of 6 months. 4 Saturating amounts of isoproterenol glass beads had an effect comparable to that of 10" 8 M soluble isoproterenol and greater than that of paired electrical stimulation.
We found both an elevation and a small prolongation of the plateau phase of action potentials with isoproterenol glass beads. This had been previously reported for soluble catecholamines. 6 ' I0i20 -21 However, in the bead experiments, these changes could also be detected in fibers that were not in direct contact or in the vicinity of glass beads. Both electrophysiological and mechanical changes were reversed when the beads were taken off the preparation. Soluble and bound isoproterenol also increased the overshoot of the action potential ( Figs. 1 and 2) . This is probably related to the excitatory inward Ca 2+ current (see Reuter 22 for references).
Isoproterenol glass beads as well as soluble isoprotere- nol restored action potentials and contractions in preparations blocked with 22 mM K + . Fifteen isoproterenol glass beads and 10~8 M isoproterenol were about equieffective in inducing contractions greater than control. Both electrical and mechanical events could be blocked by D-600, indicating that the beads exert their effect through a mechanism similar to that of isoproterenol, namely an increase in Ca 2+ permeability of the sarcolemma. 22 -23 The magnitude of the Ca 2+ -dependent action potentials was greatest in the area where the glass beads were applied to the muscle. Current spread from there to other areas, usually in a decremental manner, but effectively enough to excite most cells of a preparation. Tetrodotoxin was used as an alternative means of eliminating the excitatory Na + current and producing Ca 2+ -dependent action potentials. However, with the dose of tetrodotoxin used in these experiments (10 ^ig/ml), the electrical response was not as much attenuated as with the K + , probably because the fast sodium system was not completely depressed by tetrodotoxin. After tetrodotoxin, both isoproterenol and isoproterenol glass beads increased isometric tension and V max of the action potential upstroke indicating that the effect of both of these interventions is largely independent of the fast sodium system. The question of the sites of action of the catecholamine beads must be considered in relation to the controversy regarding leakage of active products into the aqueous phase of the bath (for references, see Ingebretson et al. 4 ). We have already provided evidence that such accumulation of soluble active material is not responsible for the responses to the beads. 4 This conclusion is supported by the present experimental design and by some of the results. A rapid flow rate combined with a large reservoir of medium would quickly dilute leakage products. Yet increased tension and action potential plateau height were observed 30 seconds after application of the beads (Fig.  2) . The decremental conduction of action potentials by fibers at increasing distance from the bead application site ( Fig. 4) could be due to a spatial decrement of a leakage product. This cannot be ruled out if the leakage product has a high affinity for the muscle or a high partition coefficient between muscle and medium. The possibility is made unlikely by the high medium flow rate (20-25 ml/min).
Isoproterenol glass beads therefore activate receptors which are in close spatial relationship to the area of bead application. Whether the activation is limited only to covalently bound catecholamine or highly localized release of active products cannot be resolved here. Extensive diffusion into the muscle should produce a graded increase in cyclic AMP proportional to the tension development 24 and that has not been observed with the isoproterenol beads. 3 ' 4 Cyclic AMP may be involved in those fibers whose receptors interact with the bound or released catecholamine. However, propagation of the contractile response and spread of the slow action potentials in K +depolarized muscle does not appear to depend on cyclic AMP as the intracellular or intercellular messenger. 4 An increase in contractility occurred only if the action potential current spread to most of the fibers of the muscle preparation. With a minimal stimulus (3-5 beads), single cells showed the electrophysiological responses to catecholamines, but there was no current spread or increase in contractility.
Cycle AMP applied to a cut end of trabecular muscle has been shown to produce a positive inotropic response, with the peak reached in about 50 minutes. 25 The average diffusivity of the 3 H from labeled cyclic AMP was calculated to be 8 x 10" 7 cm 2 • sec" 1 in these experiments by Tsien and Weingart. At the time of peak of the inotropic response to the isoproterenol glass beads (4 minutes), cyclic AMP generated at the site of local bead application would have diffused over an area of about 2 x 10~3 mm 2 , about 1/1000 of the surface area of the papillary muscle. Diffusion of cyclic AMP from the bead-muscle contact site would not have accounted for the current spread or the inotropic response to the beads.
This line of reasoning suggests that only a small fraction of the susceptible cells need to be stimulated directly by a catecholamine in order to initiate a substantial inotrgpic response in cardiac muscle. 3 ' 4 The mechanism of propagation of the inotropic stimulus is dependent upon Ca 2+ influx during the action potential. That does not imply that the propagation of the local response to bound catecholamine is mediated by Ca 2+ influx. One must consider the possibility of the release of a second intracellular messenger as a cause or as a consequence of Ca 2+ influx, the mechanism and nature of which is as yet unknown. In the time it takes to obtain a maximal response to isoproterenol beads (2-5 minutes in both normal and K + -depolarized muscles 4 , diffusion of such a messenger could be 0.5 mm in a one-dimensional model.* However, diffusional arguments raise the question of the critical concentration of the messenger that is needed to obtain a response, and this is another unknown. The special functional anatomy of the myocardium may be essential in permitting a spreading response, because its syncytial properties allow chemical communication between cells. This and the cable properties of myocardium may account for the spread of depolarization and propagation of contraction to sites remote from where the catecholamine beads were applied. The messenger may simply be the regenerative release of Ca 2+ .
Thus we feel that, if properly used, immobilized catecholamines provide an effective means of studying the mechanisms of initiation and propagation of electrical and contractile responses of cardiac muscle.
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Comparison of Measured Torso Potentials with Those Simulated from Epicardial Potentials for Ventricular Depolarization and Repolarization in the Intact Dog
MAYNARD RAMSEY, III, ROGER C. BARR, AND MADISON S. SPACH SUMMARY The objective of this study was to simulate body surface potential distributions, millisecond by millisecond, from potential distributions measured directly from the epicardium of the intact dog, and to examine the resulting simulation by comparing it with measured body surface potential distributions. Included in this objective was a simulation not only of those phases of cardiac activity involving depolarization, with which previous simulations have been concerned almost exclusively, but also of times of overlapping depolarization and repolarization, and times during repolarization alone. To achieve this simulation, measurements of multiple excitation and repolarization sequences were obtained from intact dogs. Epicardial potentials were recorded from about 90 electrodes chronically implanted on the ventricular epicardium, and several electrodes on the atria. Geometric coordinates of each body surface and epicardial electrode were measured in a postmortem examination. The simulated body surface distributions were computed from the epicardial ones by means of heart to body surface transfer coefficients. These transfer coefficients were derived from the measured geometric coordinates of all the electrodes with the assumption that the volume conductor was homogeneous between the epicardium and the body surface. Results included numerous sets of isopotential distributions, each set comprising the measured epicardial and body surface distributions, and the simulated body surface distribution. At many time instants, the distribution of potentials measured from the epicardium was considerably more complicated that the distribution measured from the body surface. Nonetheless, simulated body surface distributions consistently had a high correlation with the measured body distributions. However, the simulated maps usually had larger peak to peak magnitudes. The results demonstrate that quantitative relationships between the detailed events of cardiac and body surface electrical activity can be established theoretically and confirmed by realistic experimental measurements.
ACHIEVING a quantitative understanding of body surface electrocardiograms based on measurements of the underlying cardiac electrical events and volume conductor properties of the torso has proven to be an elusive problem. The broad qualitative characteristics of heart to body surface relationships have been established largely on the basis of measurements of the sequence of cardiac excitation times, frequently including isochrone construction, 1 " 3 and through comparison of such heart measure-
